The effect of age of acquisition in visual word processing:
Further evidence for the semantic hypothesis
In the past decade, the question has been revived to what extent the frequency effect in visual word recognition is a confound of the age at which words have been acquired (hence called age of acquisition, or AoA). Several hypotheses have been advanced to explain both the origin of the AoA effect and its relationship to the frequency effect (for recent reviews, see Chalard, Bonin, Meot, Boyer, & Fayol, 2003; Lewis, Chadwick, & Ellis, 2002; Morrison, Hirsh, & Duggan, 2003) .
One hypothesis is that part of the AoA effect originates from the semantic system. According to this explanation, the order of acquisition has a lasting effect on the time needed to activate the meanings of words. Empirical evidence for this idea comes from the word associate generation task (Brysbaert, Van Wijnendaele, & De Deyne, 2000; van Loon-Vervoorn, 1989) . In this task, participants have to say the first word that comes to mind upon seeing a word. Participants are much faster to generate an associate to early acquired words than to later acquired words. Interestingly, there is no analog frequency effect in the word associate generation task when stimuli are controlled for AoA.
Theoretical support for a semantic involvement in the AoA effect comes from simulations with models based on both distributed and localist representations. The distributed account attributes the AoA effect to differences in the connection weights between the units of the orthographic and the semantic layers; the localist account attributes it to the organization of the semantic system. Three-layer neural network models with distributed representations show an advantage for early trained items if the network is trained in such a way that the early stimuli continue to be presented when the later stimuli are introduced (Ellis & Lambon Ralph, 2000) . This is because a neural system looses plasticity in the learning process. When the network is young, connection weights between the different layers are distributed around the mean of 0.5, and stimuli can cause large shifts in the weights. As the network gets older, the weight shifts tend to become smaller because the connection strengths are already close to one of the extremes (either 0.0 or 1.0). Therefore, the weight shifts induced by later-acquired words will never be as substantial as those induced by early learned ones. As a consequence, the words that are learned early in training will be more influential for the final structure of the network. This advantage can survive huge differences in cumulative frequency.
More or less the same conclusion was reached by Zevin and Seidenberg (2002) but they emphasized much more that the emergence of an AoA effect depends on the sort of task that has to be performed. The acquisition order is particularly important when the mapping between input and output is arbitrary; that is, when no generalization of early trained patterns to later-trained patterns is possible. Otherwise, the regularities learned for early acquired patterns can be transferred to later-acquired patterns. Specifically with respect to visual word recognition, Zevin and Seidenberg (2002) argued that the mapping of orthography to phonology in English is not arbitrary enough to give rise to an AoA effect in visual word naming (because many onsets and rimes of words are consistent between early learned and late learned words; e.g., the rimes of CAT and SPAT).
The fact that AoA nevertheless affects word naming latencies in English has been explained by Zevin and Seidenberg by referring to the fact that some naming latencies are semantically mediated (in particular those of words with inconsistent spelling-to-sound mappings). Because there are very few regularities in the mappings from spelling to meaning and from meaning to sound (words that are written similarly rarely have related meanings), AoA is expected to play a significant role in tasks that require the activation of meaning.
Other authors have also pointed to the semantic system as a possible origin of the AoA effect in visual word recognition, but these authors were thinking more in terms of the organization of the semantic system rather than the weights of the connections to and from the system. This is because these authors worked within the framework of localist models which postulate a single node for each Despite the fact that the semantic system has been suggested as a major contributor to the AoA effect in visual word recognition, the empirical evidence remains rather weak. To the best of our knowledge account, is the fact that the frequency effect (and presumably the AoA effect) is reduced under primed conditions relative to unprimed conditions, because the priming effect is stronger for difficult words than for easy words (Becker, 1979) . This, for instance, reduces the chances of finding a strong AoA effect in a category verification task, where a category is presented first (e.g., birds) followed by a target word (e.g., robin, heron, sword, or canoe) of which the participants has to decide whether it is an exemplar of the previously shown category or not.
We believe we have found a way to circumvent the methodological problems outlined above. It is based on a semantic variant of the classical Simon paradigm, first reported by De Houwer (1998). In the Simon paradigm, participants are asked to make a spatial response to a non-spatial stimulus characteristic (e.g. press the left key when a red light is shown), while ignoring the location of the stimulus (e.g., to the left or the right of the fixation location).
This typically results in faster responses when the stimulus location is congruent with the response-code (i.e., a red light presented to the left) than when it is incongruent (red light presented to the right), even though the location of the stimulus is irrelevant for correct task performance. De Houwer (1998) showed that a similar effect is obtained when the irrelevant stimulus property concerns the meaning of the stimulus words. He presented stimuli in uppercase or lowercase letters and asked the participants to say "animal" when the stimulus was presented in uppercase and "human" when the stimulus was presented in lowercase.
Responses were faster relative to a neutral condition when the participant's verbal response was congruent with the meaning of the stimulus (e.g., saying "animal" to the stimulus CAT), and they were slower when the participant's verbal response was incongruent with the meaning of the stimulus (e.g., saying "human" to the stimulus cat), even though the meaning of the stimulus was irrelevant for correct task performance.
The congruency effect found with the semantic Simon paradigm can only be due to the automatic activation of the semantic information conveyed by the stimulus word, which interferes with the response label. This opens a nice way to examine the extent to which the activation of semantic information is influenced by AoA. If early acquired words activate their meaning faster than late acquired words, either because their orthographic-semantic connections are better (neural network account) or because early acquired concepts in the semantic system have more connections (localist account), then the congruency effect should be stronger for earlier-acquired words than for later-acquired words. Below, we present the data of an experiment that tested this prediction. In this experiment, participants were asked to say « living » or « non-living » to words presented in uppercase or lowercase that could either refer to living creatures (e.g., robin, heron) or to nonliving entities (e.g., sword, canoe).
Method
Participants. Thirty-six participants volunteered for the experiments. Average age was 22.3 (range 18-27). All participants had normal or corrected to normal eye vision and all spoke Dutch as their first language.
Materials.
We created four word lists of 22 words each. The words referred to early acquired living things, late acquired living things, early acquired non-living things and late acquired non-living things. The words were matched on frequency, familiarity 2 , word length, and numbers of syllables. The AoA ratings were taken from Ghyselinck, Custers and Brysbaert (in press). Frequency measures were based on the Celex database (Baayen, Piepenbrock & van Rijn, 1993) . It is important to note that only words were chosen for which each participant in the Ghyselinck et al. study (in press) had indicated they knew the meaning of the word. The familiarity ratings were collected by asking 35 undergraduates (mean age = 21.8 years; range 19-29) to indicate on a 5-point scale for 260 words how often they had heard, seen or used each word (with 1 = never [you have never seen, heard, or used this word before], and 5 = very often [you see, hear, or use this word nearly every day]). The words were presented one by one on a computer screen in a randomized order and participants typed in their answer on the keyboard. The reliability of the ratings was assessed with the intraclass correlation of Shrout and Fleiss (1979) , and amounted to .93. Details of the word lists are shown in Table 1 and the full list of experimental stimuli is given in the appendix.
Half of the stimulus set was presented in lowercase letters, half in uppercase letters, counterbalanced across participants.
-------------------
Insert Table 1 here
Procedure. Participants were tested individually in a quiet room. They were given written instructions on the computer screen in which accuracy and speed were stressed. The task of the participant was to categorize the stimulus word as quickly as possible depending on the letter case, and to ignore its actual semantic category. Half of the participants had to say 'levend' ('living') in response to lowercase letters and 'levenloos' ('non-living') in response to uppercase letters.
The other half received the opposite instructions (i.e. lowercase → non-living, uppercase → living). On each trial the following events occurred: First, a central fixation point ('+') was presented for 500 ms, followed by a blank interval for 500 ms. Then, the stimulus appeared in the white standard MS-Dos letter font in the middle of the screen on a black background. The stimulus stayed on the screen until the voice-key registered a response. Successful voice-key registration was indicated by a cross that appeared at the bottom of the screen. The experimenter coded the correctness of the response on-line by means of the keyboard. Stimulus presentation was randomized for each participant. Before the test items, participants received a series of 40 different practice trials (20 of each category).
The inter-trial interval was 1500 ms.
Results
Only correct reaction times (RTs) were included in the analyses (percentage of errors was less than 1.2%). Harmonic means of the latencies were calculated per condition and per participant (or stimulus word). We used harmonic means rather than arithmetic means following Ratcliff's (1993) These results are depicted in Figure 1 .
The Simon effect was the same for the words belonging to the category of living things (congruent = 560 ms, incongruent = 598 ms) as for the words belonging to the category of non-living things (congruent = 564 ms, incongruent = 601 ms).
Discussion
In the introduction, we described why the activation of word meanings has become a prime candidate for the origin of the AoA effect in visual word processing. According to the neural network account (with distributed representations), this is because the mappings between spellings and meanings and between sounds and meanings are arbitrary, so that no learning from early acquired items can transfer to the learning of late acquired items. Combined with the loss of plasticity in learning systems, this results in stronger connections to and from the meanings of early acquired words in comparison to later acquired words. According to localist accounts, meanings of early acquired concepts can be activated more easily than those of later-acquired because early acquired words take more central position in the network and have more connections with other nodes within the network. At the same time, however, we noted that there was not much compelling empirical evidence for the semantic hypothesis.
We then presented results from an experiment that corroborated the semantic hypothesis. In this experiment participants had to give a verbal response to the visual appearance of a stimulus words (printed in uppercase vs. lowercase).
In half of the trials, the response was congruent with the meaning of the stimulus word (e.g., saying "living" to DEER, or "non-living" to cave); in the other half it was incongruent (e.g., saying "living" to HARP, and "non-living" to finch).
Although the meaning of the stimulus word had to be ignored for good task performance, we found a congruency effect: Responses were faster in the congruent trials than in the incongruent trials, presumably because the meaning of the target word was activated automatically and interfered with the meanings of the verbal responses that were to be produced. In addition, the congruency effect was twice as large for early acquired words as for late acquired words (see Figure   1 ), in line with our hypothesis that the meaning is activated faster for first learned words than for later learned words.
To prevent confusion about our theoretical position, we stress that we do not interpret our findings as evidence for the claim that the AoA effect in visual word recognition (or indeed any other task) is solely due to the meaning of the stimuli. The neural network account (Ellis and Lambon Ralph, 2000 ; see also Lewis (1999) for the cumulative frequency hypothesis which makes an analogue prediction) have made it clear that the effect of AoA is an emerging property of learning systems and is unlikely to be limited to a single stage. However, what our data do show is that the AoA effect in word processing tasks is not totally due to the activation of word forms, but also to the activation of word meanings. 
